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Abstract
The sensitivity of the differential cross section of the interaction between neutrino-electron with
dense matter to the possibly nonzero neutrino electromagnetic properties has been investigated.
Here, the relativistic mean field model inspired by effective field theory has been used to describe
non strange dense matter, both with and without the neutrino trapping. We have found that the
cross section becomes more sensitive to the constituent distribution of the matter, once electromag-
netic properties of the neutrino are taken into account. The effects of electromagnetic properties
of neutrino on the cross section become more significant for the neutrino magnetic moment µν >
10−10µB and for the neutrino charge radius R > 10
−5MeV−1.
PACS numbers: 13.15.+g, 25.30.Pt, 97.60.Jd
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I. INTRODUCTION
The demand for precise information on the neutrino transport in the investigations of
astrophysical phenomena, such as supernovae explosion and the structure of protoneutron
stars, has stimulated several studies on neutrino interactions in matter at high densities [1,
2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14]. Even recently, a realistic neutrino opacity in neutron
rich matter for the supernovae simulation which takes into account the correlations and weak
magnetism of nucleons in the finite temperature calculations has been also considered [4].
In the standard model, massless neutrinos have zero magnetic moment and electronic
charge. However, there are evidences that the laboratory bounds on the neutrino-electron
magnetic moment (µν) is smaller than 1.0×10−10µB at the 90% confidence level [15], where
µB is the Bohr magneton. Stronger bound of µν ≤ 3.0×10−12µB also exists from astrophys-
ical consideration, particularly from the study of the red giant population in the globular
cluster [16]. On the other hand the charge radius of νe has been bounded by the LAMF
experiment [17] to be R2 = (0.9±2.7)×10−32 cm2 = (22.5±67.5)×10−12 MeV−2, while the
plasmon decay in the globular cluster star predicts the limit of eν ≤ 2× 10−14 e [16], where
e is electron charge. Recent discussions on the effects of the neutrino electromagnetic prop-
erties in astrophysics can be seen in, e.g., Ref. [16], while for the case of the solar neutrino
problem one can consult, e.g., Ref. [18].
So far, there has been no calculation of the interaction of neutrinos with dense matter
which considers neutrino electromagnetic form factors. To this end we extend our previous
report of the interaction of neutrinos with electrons gas [14] to the interaction of neutrinos
with the non strange dense stellar matter which takes into account the effects of the trapped
neutrinos in matter, but still use the zero temperature approximation. The validity of
this approximation is fulfilled by the fact that temperature effects on the equation of state
(EOS) of supernovae matter and maximum masses of protoneutron stars are smaller than
those without neutrino trapping [23]. We note that considerable efforts have been devoted
to study the effective electromagnetic coupling of neutrinos in the thermal background of
particles [19, 20, 21, 22]. However, the particles under investigation so far are electron
and nucleon gasses. Clearly, the effect of nucleon correlations has not yet been studied.
References [19, 22] have shown that the densities and temperature yield enhancements to
the form factor with standard charge radius, but they do not give a significant effect on
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the electric and magnetic dipole form factors. Moreover, they can only give a significant
contribution if T/m and µ/m are large, where T , µ and m are the temperature, chemical
potential and mass of the corresponding particles in the thermal bath, respectively [22].
Therefore, the expectation that the temperature and hadron correlations can strongly reduce
the electromagnetic properties of neutrinos seems to be unlikely. For simplicity, the RPA
correlations are still neglected. The importance of the neutrino trapping in the supernova
dynamical evolution has been, for example, pointed out in Ref. [24]. We choose this kind of
matter, because we suspect that the effects of the neutrino electromagnetic properties would
be more pronounced in the protons- and electrons rich matter. Different from Ref. [24], which
used the standard relativistic mean field (RMF) model to calculate the EOS, in this work
we use the RMF model inspired by the effective field theory (E-RMF model) [25].
The construction of this paper is as follows. Section II consists of a brief review of the
matter models used in this work. The analytical results of the neutrino electromagnetic
form factors effects on the cross section are given in section III. In section IV, numerical
results and their discussions are presented. Finally, the conclusion is given in section V.
II. MATTER MODELS
To describe nucleons interactions, we use the effective Lagrangian density given in
Refs. [25, 26]. The wide range applications of this model have been discussed in detail
in Refs. [27, 28]. In our work, leptons are assumed to be free (Fermi gas). The framework of
our calculation is the relativistic mean field approximation, which means that we treat the
nucleon interactions self consistently. The explicit form of the Lagrangian densities can be
seen in appendix A. By solving the Euler-Lagrange equations for the Lagrangian densities
given in appendix A, the equations of state for nucleons, mesons and leptons can be ob-
tained, and then, can be used to calculate all matter properties required in this work. The
following constraints are used to calculate the fraction of every constituent in matter:
• balance equation for chemical potentials
µn + µνe = µp + µe, (1)
• conservation of charge neutrality
ρe + ρµ = ρp, (2)
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TABLE I: Numerical values of coupling constants used in the parameter sets.
Parameter G2 NL-3 G2*
mS/M 0.554 0.541 0.554
gS/(4pi) 0.835 0.813 0.835
gV /(4pi) 1.016 1.024 1.016
gR/(4pi) 0.755 0.712 0.938
κ3 3.247 1.465 3.247
κ4 0.632 −5.668 0.632
ζ0 2.642 0 2.642
η1 0.650 0 0.650
η2 0.110 0 0.110
ηρ 0.390 0 4.490
where the total density of baryon is given by
ρB = ρn + ρp, (3)
while the fixed electronic-leptonic fraction is defined as
Yle =
ρe + ρνe
ρB
≡ Ye + Yνe. (4)
Coupling constants for all parameter sets used in this work are shown in Table I.
III. EFFECTS OF THE NEUTRINO ELECTROMAGNETIC FORM FACTORS
In this section we calculate the neutrino-matter cross section, in which the electromagnetic
form factors of the neutrino-electron and the weak magnetism of nucleons are explicitly taken
into account. We start with the Lagrangian density of neutrino matter interactions for each
constituent in the form of
Ljint =
GF√
2
(ν¯ΓµWν)(ψ¯J
W j
µ ψ) +
4πα
q2
(ν¯ΓµEMν)(ψ¯J
EM j
µ ψ), (5)
where GF and α are the coupling constant of weak interaction and the electromagnetic fine
structure constant, respectively, and j= n, p, e−, µ−. The parity violating vertex of neutrino
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is given by
ΓµW = γ
µ(1− γ5), (6)
while the electromagnetic properties of Dirac neutrinos are described in terms of four form
factors, i.e., f1ν , g1ν , f2ν and g2ν , which stand for the Dirac, anapole, magnetic, and electric
form factors, respectively. The electromagnetic vertex ΓµEM contains electromagnetic form
factors [34, 35]. Explicitly, it reads
ΓµEM = fmνγ
µ + g1νγ
µγ5 − (f2ν + ig2νγ5) P
µ
2me
. (7)
where fmν = f1ν + (mν/me)f2ν , P
µ = kµ + kµ′, mν and me are the neutrino and electron
masses, respectively. In the static limit, the reduced Dirac form factor f1ν and the neutrino
anapole form factor g1ν are related to the vector and axial vector charge radii 〈R2V 〉 and
〈R2A〉 through [34]
f1ν(q
2) =
1
6
〈R2V 〉q2 and g1ν(q2) =
1
6
〈R2A〉q2. (8)
where the neutrino charge radius is defined by R2 = 〈R2V 〉 + 〈R2A〉. In the limit of q2 → 0, f2ν
and g2ν , respectively, define the neutrino magnetic moment and the (CP violating) electric
dipole moment [34, 36], i.e.,
µmν = f2ν(0)µB and µ
e
ν = g2ν(0)µB, (9)
where µ2ν=(µ
m
ν )
2+ (µeν)
2. The explicit form of JW jµ [4] is given by
JW jµ = F
W j
1 γµ −GjAγµγ5 + iFW j2
σµνq
ν
2 M
, (10)
and for JEM jµ [37] it reads
JEM jµ = F
EM j
1 γµ + iF
EM j
2
σµνq
ν
2 M
. (11)
Using the Lagrangian density given by Eq. (5), we can now calculate the differential cross
section. Using the standard method we obtain(
1
V
d3σ
d2Ω′dE ′ν
)
= − 1
16π2
E ′ν
Eν
[(
GF√
2
)2
(Lµνν Π
Im
µν)
(W)
+
(
4πα
q2
)2
(Lµνν Π
Im
µν )
(EM)
+
8GFπα
q2
√
2
(Lµνν Π
Im
µν )
(INT)
]
. (12)
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TABLE II: Weak form factors in the limit of q2 → 0. Here we use sin2 θw = 0.231, gA = 1.260,
µp = 1.793 and µn = −1.913 [4].
Target FW1 GA F
W
2
n −0.5 −gA/2 −1/2(µp − µn)− 2 sin2 θwµn
p 0.5 − 2 sin2 θw gA/2 1/2(µp − µn)− 2 sin2 θwµp
e 0.5 + 2 sin2 θw 1/2 0
µ −0.5 + 2 sin2 θw −1/2 0
TABLE III: Electromagnetic form factors in the limit of q2 → 0 [37].
Target FEM1 F
EM
2
n 0 µn
p 1 µp
e 1 0
µ 1 0
Here Eν and E
′
ν are the initial and final neutrino energies, respectively, GF =
1.023×10−5/M2 is the weak coupling, and M is the nucleon mass. The neutrino tensors
for the weak contribution is given by
Lµν(W)ν = 8
[
2kµkν − (kµqν + kνqµ) + gµν(k · q)− iǫαµβνkαk′β
]
, (13)
while for the electromagnetic contribution,
Lµν(EM)ν = 4(f
2
mν + g
2
1ν)[2k
µkν − (kµqν + kνqµ) + gµν(k · q)]
− 8ifmνg1νǫαµβν(kαk′β)
− f
2
2ν + g
2
2ν
m2e
(k · q)[4kµkν − 2(kµqν + qµkν) + qµqν ], (14)
and for the interference contribution,
Lµν(INT)ν = 4(fmν + g1ν)[2k
µkν − (kµqν + kνqµ) + gµν(k · q)− iǫαµβνkαk′β], (15)
with k the initial neutrino four-momentum and q = (q0, ~q) the four-momentum transfer. The
polarization tensors Πµν for the weak (W), electromagnetic (EM) and interference (INT)
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terms, which define the target particles, can be written as
Πjµν(q) = −i
∫
d4p
(2π)4
Tr[Gj(p)J jµG
j(p+ q)J jν ], (16)
where p = (p0, ~p) is the corresponding initial four-momentum and G(p) is the target particle
propagator. The explicit form for nucleons is given by
Gn,p(p) = (p/∗ +M∗)
[
1
p∗2−M∗ 2 + iǫ +
i π
E∗
δ(p∗0 − E∗) θ(pp,nF − | ~p |)
]
, (17)
where E∗ = E + Σ0 indicates the nucleon effective energy, and M
∗ = E + ΣS is the nucleon
effective mass. Σ0 and ΣS are the scalar and time like self energies, respectively. The lepton
propagators have similar expressions, only the starred quantities in Eq. (17) are replaced by
the free ones. Explicitly, Eq. (16) for each constituent can be written as
ΠIm(W)jµν = (F
Wj 2
1 +G
j 2
A )Π
Vj
µν
+
(
Gj 2A +
q2
2mM
FWj1 F
Wj
2
)
ΠAjgµν
− 2
(
FWj1 G
j
A +
m
M
FWj2 G
j
A
)
ΠV−Ajµν
+
FWj 22
M2
[
(m2 +
q2
4
)(q2gµν − qµqν)− q
2
8
ΠVjµν
]
, (18)
ΠIm(EM)jµν = F
EMj 2
1 Π
Vj
µν
+
q2
2mM
FEMj1 F
EMj
2 Π
Ajgµν
+
FEMj 22
M2
[
(m2 +
q2
4
)(q2gµν − qµqν)− q
2
8
ΠVjµν
]
, (19)
ΠIm(INT)jµν = (F
Wj
1 F
EMj
1 +
q2
4M2
FWj2 F
EMj
2 )Π
Vj
µν
+
[
FWj2 F
EMj
2
4M2
(1 +
q2
4m2
)− (F
Wj
1 F
EMj
2 + F
Wj
2 F
EMj
1 )
4mM
]
× (q2gµν − qµqν)ΠAj+
(
m
M
FEMj2 G
j
A − FEMj1 GjA
)
ΠV−Ajµν , (20)
where for j = n, p (nucleons), m is equal to M∗ and M is the nucleon mass, while for
j = e−, µ− (leptons), m is equal to M , the lepton mass.
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Due to the current conservation and translational invariance, the vector polarization ΠImVµν
of every contribution consists of two independent components which we choose to be in the
frame of qµ ≡ (q0, |~q|, 0, 0), i.e.,
ΠT = Π
V
22 = Π
V
33 and
ΠL = −(q2µ/|~q|2)ΠV00.
The axial-vector and the mixed pieces are found to be
ΠIm(V−A)µν (q) = iǫαµ0νqαΠV A, (21)
The explicit forms of ΠT , ΠL, ΠV A and ΠA for nucleons are [32]
ΠT =
1
4π|~q|
[(
M∗ 2 +
q2
4|~q|2 +
q2
2
)
(EF −E∗)
+
q0 q
2
2|~q| (E
2
F −E∗2) +
q2
3|~q|(E
3
F −E∗3)
]
, (22)
ΠL =
q2
2π|~q|3
[
1
4
(EF − E∗) + q0
2
(E2F − E∗2) +
1
3
(E3F − E∗3)
]
, (23)
ΠV A =
iq2
8π|~q|3 [(E
2
F − E∗2) + q0(EF − E∗)]. (24)
ΠA =
i
2π|~q|M
∗2(EF −E∗). (25)
For leptons, they have also similar expressions, only the starred quantities in
Eqs. (22), (23), (24) and (25) are replaced by the free ones. Thus, the analytical form
of Eq. (12) can be obtained from the contraction of every polarization and neutrino tensors
couple (LµνΠµν) mentioned previously. The results are
(Lµνν Π
Im
µν )
(W)
= −8 q2
∑
j=n,p,e−,µ−
[
AjW(Π
j
L +Π
j
T ) +B
j
1 WΠ
j
T +B
j
2 WΠ
j
A + C
j
WΠ
j
V A
]
, (26)
(Lµνν Π
Im
µν )
(EM)
= q2
∑
j=n,p,e−,µ−
[
AjEM(Π
j
L +Π
j
T ) +B
j
1 EMΠ
j
T +B
j
2 EMΠ
j
A
]
, (27)
(Lµνν Π
Im
µν)
(INT)
= −4 q2
∑
j=n,p,e−,µ−
[
AjINT(Π
j
L +Π
j
T ) +B
j
1 INTΠ
j
T +B
j
2 INTΠ
j
A + C
j
INTΠ
j
V A
]
,
(28)
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where the functions in the front of every polarization terms of Eqs. (26) - (28) are given by
AjW =
(
2E(E − q0) + 12q2
|~q|2
)[
FWj 21 +G
j 2
A −
FWj 22 q
2
4M2
]
,
Bj1 W =
[
FWj 21 +G
j 2
A −
FWj 22 q
2
4M2
]
,
Bj2 W = −
[
Gj 2A +
q2
2mM
FWj1 F
Wj
2 −
FWj 22 q
2
4M2
(1 +
q2
4m2
)
]
,
CjW = −2 (2E − q0)
[
FWj1 G
j
A +
m
M
FWj2 G
j
A
]
, (29)
for the weak contributions, and
AjEM =
[(
2E(E − q0) + 12q2
|~q|2
)
(b q2 − a) + 1
2
b q2
][
FEMj 21 −
FEMj 22 q
2
4M2
]
,
Bj1 EM = −
1
2
(b q2 + a)
[
FEMj 21 −
FEMj 22 q
2
4M2
]
,
Bj2 EM =
1
2
(b q2 + a)
[
q2
2mM
FEMj1 F
EMj
2 −
FEMj 22 q
2
4M2
(1 +
q2
4m2
)
]
, (30)
for the electromagnetic contributions, and
AjINT = c
(
2E(E − q0) + 12q2
|~q|2
)[
FWj1 F
EMj
1 +
q2
4M2
FWj2 F
EMj
2
]
,
Bj1 INT = c
[
FWj1 F
EMj
1 +
q2
4M2
FWj2 F
EMj
2
]
,
Bj2 INT = −c q2
[
FWj2 F
EMj
2
4M2
(1 +
q2
4m2
)− (F
Wj
1 F
EMj
2 + F
Wj
2 F
EMj
1 )
4mM
]
,
CjINT = c (2E − q0)
[
m
M
FEMj2 G
j
A − FEMj1 GjA
]
, (31)
for the interference contributions. The constants a, b and c are defined as
a = 4(f 2mν + g
2
1ν), b =
f 22ν + g
2
2ν
m2e
, c = fmν + g1ν .
where these neutrino form factors, fmν , g1ν , f2ν and g2ν , are related to the neutrino-electron
dipole moment and charge radius through Eqs. (8) and (9).
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IV. NUMERICAL RESULTS AND DISCUSSIONS
Before investigating the sensitivity of the neutrino-matter differential cross section to the
neutrino electromagnetic form factors, we show the predictions of the nuclear model used in
the calculation (G2* parameter set) at high density in Figs. 1 and 2. Figure 1 reveals that
the G2* parameter set has the softest Esym compared to the other parameter sets (G2 and
NL3). As a consequence, it has the highest threshold density for the direct URCA process
compared to the other parameter sets. On the other hand, G2* and G2 have a similar trend
in the pure neutron matter (PNM) EOS and effective mass M∗, i.e., soft EOS and high
value of M∗ at high densities. This fact indicates that the neutron star properties (masses,
radii, etc) predicted by G2* and G2 are quite similar. Comparisons between ERMF results
and the Dirac Brueckner Hartree Fock (DBHF), Brueckner Hartree Fock (BHF) as well
variational calculations are also shown in Fig. 1, from which we can learn that G2* has an
agreement in proton fraction (Yp) with the recent BHF calculation of Zhou et al. [42] at ρ
≤ 2.5 ρB, but at large densities, their calculation predicts a larger Yp. On the other hand,
and in general, Baldo et al. [41] and Akmal et al. [39] obtained a relatively much smaller
Yp than that of G2*. The Yp differences in all models originate from the differences in the
predicted Esym.
The left panel of Fig. 2 shows the relative fraction of every constituent in the case that
neutrinos are absent, while the right panel shows the case when neutrinos are trapped. We
obtain a similar conclusion as in Ref. [24], i.e., when Fermi momentum of the electrons
reaches the muon mass, muon begins to appear, and then the proton and electron fraction
curves are splitted into two different paths. The threshold for muon production occurs
just below the saturation density. In the case that neutrinos are trapped, for example
with Yle = 0.3, it can be seen that the threshold is shifted toward higher densities. This
displacement is even larger for the E-RMF model (ρ = 3ρ0) than the result of Ref. [24]
(ρ = 2ρ0). This similar finding leads to a similar conclusion drawn in Ref. [24], i.e., the EOS
of matter with neutrino trapping is softer than the case where neutrinos are absent. This
fact leads to a very important consequence for the physics of supernovae explosions [24].
Figures 3 and 4 reveal the fact [14] that a significant difference between total (including
neutrino-electron electromagnetic properties) and weak differential cross sections in electrons
gas, starting more or less from µν > 10
−10µB and R > 10
−5 MeV−1 also occurs in dense
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FIG. 1: Performance of the models. G2 is the standard parameter set of the E-RMF model,
G2* is the parameter set of the E-RMF model with an adjusted isovector-vector channel (see
appendix A for details). NL3 is the parameter set of the standard RMF model. The symmetry
energy Esym of nuclear matter is shown in the upper left panel. The pressure and M
∗ of pure
neutron matter (PNM) are given in the lower left and the lower right panels, respectively, and the
neutron star proton fraction predictions can be seen in the upper right panel. Shaded region in the
lower left panel corresponds to experimental data of Danielewicz et al. [38], whereas shaded region
in the upper right panel corresponds to the proton fraction threshold for direct URCA process.
For comparison, we also show the results from variational calculation of Akmal et al. [39], Dirac
Brueckner Hartree Fock (DBHF) calculation of Li et al. [40], Brueckner Hartree Fock (BHF) with
AV14 potential plus the phenomenological 3BF of Baldo et al. [41] and the recent Brueckner
Hartree Fock (BHF) calculation with the meson-exchange microscopic model of Zhou et al. [42].
matter. If neutrinos are present in matter, then the threshold values of µν and R become
more or less similar to the case where neutrinos are absent. The increment in the cross section
right after the threshold is relatively faster for the neutrino trapping case compared to the
11
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FIG. 2: Relative fraction of the individual constituent of the non strange matter as a function of
the ratio between baryon and saturation densities. Calculation has been performed by using the
G2* parameter set. The case where neutrinos in matter are absent is shown in the left panel, while
the case where neutrinos are trapped in matter with a value of the electronic-leptonic fraction
Yle = 0.3 is shown in the right panel.
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FIG. 3: Total differential cross section as a function of q0, calculated at fixed q1 = 2.5 MeV, Eν = 5
MeV in neutrinoless matter. In the left panel R is fixed to zero and µν is varied, whereas in the
right panel µν is fixed to zero and R is varied.
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FIG. 4: Same as in Fig. 3 but for the case where neutrinos are trapped in matter with Yle = 0.3.
case where neutrinos are absent. The rapid increment of the transversal and longitudinal
cross sections right after threshold seems to be the reason of this fact.
In Figs. 5 and 6, we show the total differential cross sections along with individual con-
tributions of their constituents as a function of the energy transfer q0 at a fixed momentum
transfer q1 = 2.5 MeV, neutrino energy Eν = 5 MeV and baryon density ρB = 2.5ρ0. In
Fig. 5, we set R and µν to zero in left panels, while µν= 5 ×10−10µB in the right panels.
The result in lower panels are obtained if neutrinos are absent, while those in upper panels
are obtained in the case where neutrinos are trapped. In Fig. 6 we set µν= 0 and R= 5
×10−5 MeV−1. In this figure the left panel exhibits the case where neutrinos are absent and
the right panel shows the case where neutrinos are trapped.
From the lower left panel of Fig. 5 (the standard weak interaction cases, where neutrinos
are absent), we can see that the proton contribution is larger than the electron one but, on
the contrary, from the upper left panel of Fig. 5 (where neutrinos are trapped), the proton
contribution is smaller than the electron one. Both contributions increase if the neutrinos
are present, as shown in the upper left panel. It can also be seen that muons play almost no
role in this case. However, since neutron contributions are dominant in both cases and they
have more or less a same cross section magnitude, the difference between neutrino absent
and neutrino trapped in matter in each individual contribution does not significantly show
up in the total differential cross section.
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FIG. 5: Total differential cross section and contributions from individual constituents as a function
of q0 obtained at fixed q1 = 2.5 MeV, Eν = 5 MeV, and ρB = 2.5ρ0, while the charge radius
is set to R = 0. The case where µν = 0 and neutrinos in matter are absent is given in the
lower left panel, while for µν = 0 and Yle = 0.3 the result is given in the upper left panel. The
case of µν = 5 × 10−10µB and neutrinos are absent is given in the lower right panel, while for
µν = 5× 10−10µB and Yle = 0.3 the result is shown in the upper right panel.
In order to see the effect more clearly, we take µν = 5 × 10−10µB in the case of nonzero
neutrino dipole moment. Obviously, this value is larger than its laboratory bound (µν = 1.0×
10−10µB) as well as the bound from astrophysical consideration (3.0× 10−12µB). The result
can be seen in the lower right panel of Fig. 5 (for the neutrino absent case), where we can see
that the proton contribution is larger than the neutron one and the electron contribution has
a similar order to the neutron one, while the muons start to have a significant contribution.
On the other hand, in the neutrino trapping case (upper left panel of that figure), muons
have almost no contribution. Contributions from protons and electrons are larger than those
of neutrons in this case. The different number of particle distributions of each constituent
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FIG. 6: Total differential cross section and contributions from individual constituents as a function
of q0, calculated with fixed q1 = 2.5 MeV, Eν = 5 MeV, and ρB = 2.5ρ0, while the neutrino
magnetic moment (µν) is set to zero and R = 5×10−5MeV−1. The case where neutrinos in matter
are absent is given in the left panel, while the case where Yle = 0.3 is given in the right panel.
between both cases leads to a difference in the total differential cross sections. It can also
be seen in Fig. 6 that a similar situation also happens for the case of R = 5.0× 10−5 MeV−1
but with µν = 0.
This means that in contrast to the calculation based on the standard weak interaction,
the cross section calculated by including neutrino electromagnetic properties is very sensitive
to the particle number of each constituent.
To see how sensitive the calculated total cross section to the neutrino electromagnetic
properties is, we plot the total differential cross section as functions of the energy transfer
q0 and momentum transfer q1 for baryon density ρB = 2.5ρ0 in Figs. 7 and 9, and for
ρB = 5ρ0 in Figs. 8 and 10. Figures 7 and 8 show the results in the neutrino absent
case, while Figs. 9 and 10 show the results in the case that neutrinos are present. For
each figure, in the upper left panel we show the cross sections for fixed µν = 0 and R = 0,
in the upper right panel we set µν = 5.0 × 10−10µB and R = 0, in the lower right panel
µν = 0 and R = 5.0 × 10−5 MeV−1, while in the lower right panel µν = 5.0 × 10−10µB and
R = 5.0× 10−5MeV−1.
Clearly from Fig. 7, for fixed µν, in general, the trends of cross sections between R = 0
and R = 5.0 × 10−5 MeV−1 are quite similar. Only in the region of q0 ≃ 1 − 2 MeV and
q1 ≃ 2 − 4.5 MeV, the shapes of cross sections seem to be quite different. The magnitudes
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FIG. 7: Total differential cross sections as functions of q0 and q1 for the case where neutrinos are
absent and baryon density (ρB) is fixed to 2.5ρ0, while Eν = 5 MeV.
of both cross sections are different due to the quite large value of R. However, in the case of
fixed R and µν = 5.0 ×10−10µB, the trend and magnitude of the total cross section change.
It is found that the cross section decreases when q1 increases. If we see the upper right panel
of Fig. 7, it can be seen that this decrement can be slowed down if the charge radius is set
to a non zero value (e.g., 5.0× 10−5 MeV−1). The effect of nonzero neutrino dipole moment
appears more dominantly at smaller values of momentum transfer q1 and energy transfer q0,
which is due to the role of massless photon propagators in the electromagnetic interaction.
On the contrary, the weak contribution becomes more dominant at larger values of q1 and
q0.
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FIG. 8: Same as in Fig. 7 but for fixed baryon density ρB = 5ρ0.
By comparing Fig. 7 and Fig. 8, we can see that in higher densities (i.e., ρB = 5.0ρ0) the
magnitude of each cross section becomes significantly large and, as a consequence, the differ-
ence between the total and the weak cross sections becomes more pronounced. Furthermore,
the shapes of the cross sections become smoother in this case.
The case of trapped neutrino (e.g., Yle = 0.3) is shown in Figs. 9 and 10, where we
can see that the difference between total and weak cross sections appears significantly due
to the larger cross section, as we expected. Nevertheless, there is no indication that the
change in the cross section trend is due to the more pronounced difference of the role of each
constituent in the higher density. The difference in the shapes of cross sections calculated by
including and excluding electromagnetic form factors also appears in the region of q0 ≃ 1−2
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FIG. 9: Same as in Fig. 7 but for Yle = 0.3.
MeV and q1 ≃ 2− 4.5 MeV for low densities (i.e., ρB = 2.5ρ0), albeit with a different trend.
In addition, if we considered the upper bound of the neutrino-muon dipole moment which
is given by µν < 7.4 ×10−10µB [43, 44], besides the weak magnetism term as investigated by
Ref. [4], it seems from the above discussion that the neutrino muon electromagnetic proper-
ties might give additional effects to the neutrino muon and its anti-neutrino mean free path
difference in the neutron rich matter. How significant the effects should be quantitatively
checked by a real calculation.
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FIG. 10: Same as in Fig. 9, but for fixed baryon density (ρB = 5ρ0).
V. CONCLUSIONS AND OUTLOOK
In conclusion, we have studied the sensitivity of the neutrino cross section to the neutrino
electromagnetic properties. In our calculations, we use the G2* parameter set of the E-RMF
model to describe matter. This parameter set predicts a soft EOS at high density and has
ρB = 2.5ρ0 that coincide with the direct URCA process threshold. The calculation has been
performed for the cases in which neutrinos are trapped and absent in matter. It is found
that in the non strange stellar matter, the electromagnetic form factor has an important role
in the neutrino-electron matter cross section if µν > 10
−10µB and R > 10
−5 MeV−1. It is
also found that the effects of the neutrino electromagnetic form factors on the cross sections
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are more pronounced at higher densities.
Matters with trapped neutrino, like supernovae ones, are more sensitive to the presence of
neutrino electromagnetic properties. This is due to the fact that matters with trapped neu-
trino have larger fractions of protons and electrons than those without neutrinos.Although
we have found that the role of neutrino electromagnetic properties in the neutrino-electron
matter interaction is not too crucial, this would not be the case if we considered the bound
of the neutrino-muon dipole moment given by Refs. [43, 44].
With increasing the density of the protoneutron star, strangeness can be liberated and
face up in the the filling of the hyperon Fermi seas and/or in the creation of kaon condensates.
Occurrence of these exotics in protoneutron star interiors will enhance the neutrino scattering
rate and it may have also interesting observational consequences, like softening the EOS,
possibility of changing nucleon isospin composition in the star matter evolution, as well as
enhancing neutrino emission processes in the neutron star matter evolution, as extensively
discussed in Refs. [23, 45, 46, 47, 48, 49, 50, 51, 52]. Further, depending on the temperature
and the model used, baryon correlations can also reduce the scattering rate [4, 6, 8, 10, 13].
Therefore, an extension of this calculation by including the strange matter, RPA correlation
and a more general condition, i.e., finite temperature might also be interesting and quite
relevant to consider in the future.
APPENDIX A: LAGRANGIAN DENSITIES
The effective Lagrangian density of E-RMF model is [25, 26]
Lnuc = LN + LM , (A1)
where the nucleon part, up to order ν = 3, has the form of
LN = ψ¯[iγµ(∂µ + iν¯µ + igρb¯µ + igωVµ) + gAγµγ5a¯µ
− M + gσσ]ψ − fρgρ
4M
ψ¯b¯µνσ
µνψ, (A2)
with
ψ =
(p
n
)
, ν¯µ = − i
2
(ξ¯†∂µξ¯ + ξ¯∂µξ¯
†) = ν¯†µ, (A3)
a¯µ = − i
2
(ξ¯†∂µξ¯ − ξ¯∂µξ¯†) = a¯†µ, (A4)
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ξ¯ = exp(iπ¯(x)/fpi), π¯(x) =
1
2
~τ · ~π(x), (A5)
π¯(x) =
1
2
~τ · ~π(x), (A6)
b¯µν = Dµb¯ν −Dν b¯µ + igρ[b¯µ, b¯ν ], Dµ = ∂µ + iν¯µ, (A7)
Vµν = ∂µVν − ∂νVµ, (A8)
σµν =
1
2
[γµ, γν ]. (A9)
Here, p, n and M are the proton field, neutron field and nucleon mass, and σ, ~π, V µ, and ~bµ
are the σ, π, ω and ρ meson fields, respectively. The meson contribution, up to order ν=4,
reads
LM = 1
4
f 2piTr(∂µU¯∂
µU¯ †) +
1
4
f 2piTr(U¯ U¯
† − 2) + 1
2
∂µσ∂
µσ
− 1
2
Tr(b¯µν b¯
µν)− 1
4
VµνV
µν − gρpipi 2f
2
pi
m2ρ
Tr(b¯µν ν¯
µν)
+
1
2
(1 + η1
gσσ
M
+
η2
2
g2σσ
2
M2
)m2ωVµV
µ +
1
4!
ζ0g
2
ω(VµV
µ)2
+ (1 + ηρ
gσσ
M
)m2ρTr(b¯µb¯
µ)−m2σσ2(1 +
κ3
3!
gσσ
M
+
κ4
4!
g2σσ
2
M2
), (A10)
where
U¯ = ξ¯2, ν¯µν = ∂µν¯ν − ∂ν ν¯µ + i[ν¯µ, ν¯ν ] = −i[a¯µ, a¯ν ]. (A11)
In the mean field approximation, π meson does not have any contribution. If we set η1, η2,
ζ0, ηρ and fρ equal to zero, we will obtain the same nucleon and meson equations as in the
standard RMF models [29, 30, 31].
To achieve a softer density dependence of the nuclear matter symmetry energy of the
standard RMF model, Refs. [32, 33] add isovector-vector nonlinear terms in the Lagrangian
density. In this paper, a similar procedure as in Refs. [32, 33] is adopted. Since in the E-RMF
model the isovector vector nonlinear term is already present, the density dependence of the
nuclear matter symmetry energy can be adjusted without adding new isovector nonlinear
terms. Thus, we only adjust gρ and ηρ but maintain the requirement that the symmetry
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energy at kF = 1.14 fm should have the same value at Esym = 24.1 MeV. The argument
behind this procedure is explained in detail in Refs. [32, 33]. For leptons, we use the following
free Lagrangian density: ∑
l= e−, µ−, ν
l¯(γµ∂µ −ml)l. (A12)
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